wide spectrum of neuronal populations (Laurie and Seeburg R. Grayson. Functional and pharmacological differences between 1994b; Laurie et al. 1995) , the NR2 subunit mRNAs are recombinant N-methyl-D-aspartate receptors. J. Neurophysiol. 79: more restricted in their distribution and show differential [555][556][557][558][559][560][561][562][563][564][565][566] 1998. N-methyl-D-aspartic acid (NMDA) receptors tran-patterns of expression with respect to temporal events ocsiently transfected into mammalian HEK-293 cells were character-curring during development (Monyer et al. 1994) and neuized with subunit-specific antibodies and electrophysiological reronal maturation (Vallano et al. 1996). The NMDA receptor cordings. Deactivation time course recorded in response to fast plays an important role in synaptic plasticity during develop-L-glutamate pulses were studied in isolated and lifted cells, as well ment (Sheetz and Constantine-Paton 1994). It is therereby as in outside-out membrane patches excised from cells expressing recombinant NR1 subunits in combination with the NR2A, NR2B, possible that changes in subunit composition of native NR2C, or NR2D NMDA receptor subunits. Transfected cells were NMDA receptor may underlie changes in synaptic plasticity. preidentified by the fluorescence emitted from the coexpressed Among the properties characterizing NMDA receptors, the Aequorea victoria jellyfish Green Lantern protein. Currents gener-deactivation time course of currents produced by brief Lated by NR1/NR2A channels displayed double exponential deacti-glutamate transients is crucial to synaptic transmission bevation time course being faster than that in NR1/NR2B or NR1/ cause it underlies the kinetics of NMDA-excitatory postsyn-NR2C channels. However, a large decay variability was observed aptic currents (EPSCs) (Lester et al. 1990). Furthermore, within each cotransfection, suggesting that mechanisms additional it has been proposed that desensitization and recovery from to subunit composition may also regulate deactivation time course. desensitization may also affect the deactivation time course NR1/NR2D channels displayed slowly deactivating currents.
plays an important role in synaptic plasticity during develop-L-glutamate pulses were studied in isolated and lifted cells, as well ment (Sheetz and Constantine-Paton 1994) . It is therereby as in outside-out membrane patches excised from cells expressing recombinant NR1 subunits in combination with the NR2A, NR2B, possible that changes in subunit composition of native NR2C, or NR2D NMDA receptor subunits. Transfected cells were NMDA receptor may underlie changes in synaptic plasticity. preidentified by the fluorescence emitted from the coexpressed Among the properties characterizing NMDA receptors, the Aequorea victoria jellyfish Green Lantern protein. Currents gener-deactivation time course of currents produced by brief Lated by NR1/NR2A channels displayed double exponential deacti-glutamate transients is crucial to synaptic transmission bevation time course being faster than that in NR1/NR2B or NR1/ cause it underlies the kinetics of NMDA-excitatory postsyn-NR2C channels. However, a large decay variability was observed aptic currents (EPSCs) (Lester et al. 1990 ). Furthermore, within each cotransfection, suggesting that mechanisms additional it has been proposed that desensitization and recovery from to subunit composition may also regulate deactivation time course. desensitization may also affect the deactivation time course NR1/NR2D channels displayed slowly deactivating currents.
Channel deactivation was fast and comparable among receptors and thereby the duration of NMDA-EPSCs (Lester and Jahr obtained by cotransfecting five distinct spliced variants of the NR1 1992). Native NMDA receptors at excitatory synapses have subunit, each with the NR2A subunit. Additionally, recovery from been shown to have a faster time course with development desensitization was slower for NR1/NR2B than for NR1/NR2A (Carmignoto and Vicini 1992; Flint et al. 1997 ; Hestrin channels. The average deactivation time course of responses to 1992). In parallel, several studies have shown developbrief L-glutamate applications in cells where NR1/NR2A/NR2B mental increases in NR2A receptor subunit mRNAs (MocDNAs were cotransfected at variable ratio was intermediate be- nyer et al. 1994; Watanabe et al. 1992 ) and subunit protein tween those of the NR1/NR2A and NR1/NR2B channels. Al- (Portera-Cailliau et al. 1996; Wang et al. 1995) , and these though immunocytochemical evidence indicates that the majority changes have been shown to be related to neuronal activity of cells are cotransfected by all plasmids in triple transfection, our in vitro (Vallano et al. 1996) and in vivo (Carmignoto and experimental condition did not allow for a tight control of the expression of NMDA receptor subunits. This produced the result Vicini 1992). Previous studies of recombinantly expressed that many cells were characterized by deactivation time course and NMDA receptors in HEK-293 cells show distinct offset dehaloperidol sensitivities of separate NR1/NR2A and NR1/NR2B cay kinetics of currents produced by NMDA applications to subunit heteromers. We also speculate on the possible formation cells expressing binary combinations of NR1, NR2A, NR2B, of channels resulting from the coassembly in the same receptor of and NR2D subunits (Kohr and Seeburg 1996; Kohr et al. NR1/NR2A/NR2B subunits from a minority of cells that gave Monyer et al. 1994) and have produced the initial responses to brief application of L-glutamate characterized by slow evidence that receptors comprising NR1 and NR2A subunits deactivation time course and decreased haloperidol sensitivity.
are characterized by a faster deactivation time course. However, these studies were performed with long and unphysiological application times, and a systematic evaluation of the I N T R O D U C T I O N deactivation time course of recombinant NMDA receptor may allow for appropriate cross comparisons with native Five genes encoding subunits of the N-methyl-D-aspartate (NMDA) receptor have been cloned from rat brain. These receptors. Additionally, novel and more selective antagonists that uniquely identify specific subunits are becoming availinclude several spliced forms of the NR1 subunit and the NR2A, NR2B, NR2C, and NR2D subunits (McBain and able (Ilyin et al. 1996; Williams 1993 in response to brief agonist applications. We also compare antibody production is previously described (Wang et al. 1995). and contrast recovery from desensitization produced by pro-A monoclonal antibody to NR2B was raised in mice by standard longed L-glutamate applications between NR1/NR2A and techniques. The antigen used was the same described in Wang et al. NR1/NR2B transfected cells, and we investigate the deacti- (1995) . Briefly, primers were designed to amplify fragments encodvation time course obtained with a low-affinity agonist with ing portions of the C-termini of the NR2A subunit and the NR2B these subunit combinations. Last, taking advantage of the subunit. The polymerase chain reaction fragments were gel purified demonstrated selective antagonism of NMDA receptors con-and subcloned into the BamHI site of pGEX3B expression vector.
The fusion proteins were expressed, purified, and used for the immusisting of NR1/NR2B subunits by haloperidol (Ilyin et al.
nization of rabbits (NR2A) or mice (NR2B) by standard procedures. 1996), we report properties of heteromers obtained by coexAntibodies were purified by affinity chromatography. pression of distinct cDNAs encoding combinations of the HEK-293 cells transiently cotransfected with the cDNAs encod-NR1, NR2A, and NR2B subunits.
ing the NR1a and NR2A and/or NR2B subunits were cultured on poly-L-lysine-coated coverslips. Cells were fixed in 4% paraform-
aldehyde in phosphate-buffered saline (PBS; 100 mM sodium phosphate and 150 mM NaCl pH 7.4) for 10 min at room tempera-
NMDA receptor expression
ture. Cells were washed three times with PBS, and nonspecific sites were blocked using 10% normal goat serum in PBS containing Throughout our work we use for simplicity the terminology of 0.3% Triton X-100 for 20 min at room temperature. Cells were then Sugihara et al. (1992) in defining the spliced forms of the NR1 incubated with the affinity-purified NR2A and NR2B antibodies for subunits (NR1a, NR1b, NR1c, NR1e, and NR1g). According to 1 h at room temperature, washed three times in PBS, and then the terminology of Hollmann et al. (1993) , these subunits are incubated with goat anti-rabbit or anti-mouse [ fluorescein isothiodesignated as NR1-1a, NR1-1b, NR1-2a, NR1-4a, and NR1-4b. cyanate (FITC) or Texas Red-conjugated, Jackson Laboratories, The 4.2-kb full-length NRla (pNMDAR1-1a; genbank No. West Grove, PA] secondary antibodies for 40 min at room tempera-U08261) cDNA was directionally subcloned into the vector pRc/ ture. The cells were washed three times in PBS, and the coverslips CMV (Invitrogen, Carlsbad, CA). The NR1b (pNMDAR1-1b; were briefly dipped into distilled water to avoid formation of crysgenbank No. U08263), NR1c (pNMDAR1-2a; genbank No. tals, mounted on slides using Vectashield (Vector Labs, Burlin-U08262), NR1e (pNMDAR1-4a; genbank No. U08267) and NR1g game, CA) as mounting medium, and visualized using fluorescence (pNMDAR1-4b; genbank No. U08268) were directionally sub-microscopy. Photomicrographs were taken with an inverted Diacloned into pcDNA I/Amp (Invitrogen). The 5.0-kb NR2A and phot (Nikon, Melville, NY) fluorescent microscope with a 110 NR2C cDNAs were symmetrically subcloned into the Eco RI site magnification objective. Successful transfections were evaluated of pcDNA I/Amp. Both the parent NR2A and NR2C plasmids for the NR1a, NR2A, and NR2B subunits with the use of NMDA were a generous gift of Dr. Shigetada Nakanishi, Kyoto University receptor subunit antibodies. Transfection efficiency was Ç30%. Faculty of Medicine, Kyoto. The NR2B expression vector was a generous gift of Dr. Richard Huganir (Johns Hopkins University).
The full-length NR2D clone, as modified to increase expression Electrophysiology by selective replacement of the guanine and cytosine residues with Transfected HEK-293 cells were studied at room temperature adenine and thymine residues in the region coding for the N-(20-22ЊC). The recording chamber was continuously perfused terminal 80 amino acids of NR2D such that the amino acid sewith bath solution containing (in mM) 145 NaCl, 5 KCl, 2 CaCl 2 , quence was not altered (Monyer et al. 1994) , was a generous gift and 5 N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid of Dr. P. Seeburg (University of Heidelberg, Germany). The (HEPES) -NaOH (pH 7.4); osmolarity was adjusted to 315-325 NR1b, NR1c, NR1e, and NR1g plasmids were a generous gift of mosM with sucrose. The patch-clamp technique was used in the Dr. Jim Boulter (University of California, Los Angeles).
whole cell recording and outside-out patch recording configurations KIDNEY EMBRYONIC CELL CULTURE AND CDNA TRANSFECwith a patch-clamp amplifier Axopatch 1D (Axon Instrument, Fos-TION. Human embryonic kidney 293 cells (American Type Cul-ter City, CA) after capacitance and series resistance compensation. ture Collection, Rockville MD, ATCC No. CRL1573) were grown Electrodes were pulled in two stages on a vertical pipette puller in minimal essential medium (MEM; GIBCO BRL, Gaithersburg, from borosilicate glass capillaries (Wiretrol II, Drummond, MD), supplemented with 10% fetal bovine serum, 100 units/ml Broomall, PA). Typical pipette resistance was 5-7 MV. Intracellupenicillin (GIBCO BRL), and 100 units/ml streptomycin (GIBCO lar (patch pipette) solutions contained (in mM) 145 CsCl, 5 BRL), in a 6% CO 2 incubator. Exponentially growing cells were MgCl 2 , 5 ethylene glycol-bis(b-aminoethyl ether)-N,N,N,N-tetdispersed with trypsin, seeded at 2 1 10 5 cells/35-mm dish in 1.5 raacetic acid, 5 ATP, and 10 HEPES, pH 7.2 with CsOH. ml of culture medium and plated on 12-mm glass coverslips (Fisher Scientific, Pittsburgh, PA). HEK-293 cells were transfected with DRUG APPLICATIONS. L-Glutamate and L-cysteate ( Sigma, St.
Louis, MO ) stock solutions were diluted to their final concentrarat NMDA receptor subunit cDNAs using the calcium phosphate precipitation. Mixed plasmids (3 mg total) NR1a-c, e, g, and tions in bath solution. For fast application of agonists, a piezoelectric translator ( P-245.30 Stacked Translator, Physik Instru-NR2A, 2B, 2C, or 2D were added to the dish containing 1.5 ml MEM culture medium for 12-16 h at 37ЊC under 3% CO 2 . The mente, Waldbronn, Germany ) was used to rapidly move a double barrel theta tubing positioned in front of the excised patch to medium was then removed, and the cells were rinsed twice with culture medium and finally incubated in the same medium for 24-switch quickly from one barrel containing extracellular to the other with added 1 mM L-glutamate. After each patch recording, 48 h at 37ЊC under 6% CO 2 . Studies on the recombinantly expressed receptors were performed within 2-3 days after transfec-on and off rates as well as pulse durations were measured by ''blowing out'' the patch and recording currents generated by tion, and data were obtained for a given subunit combination trans-the liquid junction potential due to a 50:1 dilution of the agonist spliced forms (NR1b, NR1c, NR1e, and NR1g) did not alter containing solution ( Lester and Jahr 1992 ) . Application duration the deactivation time constants. The results of this study was also measured in small lifted cells in response to rapid appli-showed (Fig. 1C ) that the faster deactivation times observed cation of extracellular solution with the addition of 10 mM KCl with the NR1a/NR2A expressing cells were maintained with ( see Fig. 2 , inset ) . Unless otherwise noted, 10 -90% rise and different alternatively spliced variants of the NMDA recepdecay times of these currents were typically õ0.5 ms. For fast tor subunit NR1. application of L-glutamate, in addition to haloperidol, the solu-A concern of our experimental strategy was that the speed tions in the double barrel pipette were exchanged by means of of application in small lifted cells might have been slowed solenoid valves connected to the tubing. Haloperidol ( Sigma, St. down by the larger cell surface as compared with patches.
Louis, MO ) was added to both control and L-glutamate containing solutions. Dimethyl sulfoxide was used as vehicle at a Figure 2A , inset, shows the average current produced by maximal final concentration of 0.01%, which by itself did not 1-ms applications of extracellular solution with 10 mM KCl modify the peak L-glutamate -induced currents.
added while recording from a small lifted cell. Although these responses were not as fast as those observed in excised DATA ANALYSIS. Currents were filtered at 1 kHz with an 8-pole low-pass Bessel filter (Frequency Devices, Haverhill, MA), digi-patches, they were sufficiently rapid to produce a rise time tized at 3 kHz using an IBM-compatible microcomputer equipped õ0.5 ms. The validity of data obtained in small lifted cells with a Digidata 1200 data acquisition board (Axon Instruments) was further supported by comparing direct deactivation with and pClamp 6.03 software (Axon Instruments). Off-line data anal-excised patches (Fig. 1B) . t w values were similar in outsideysis, curve fitting, and figure preparation were performed with out patches as compared with those observed with small Origin (MicroCal Software, Northampton, MA) and pClamp soft-cells, being on average 54 { 9 ms (mean { SE; n Å 14) ware. Fitting of decay times of the averaged L-glutamate -activated versus 54 { 4 ms (n Å 34) for the NR1a/NR2A combination currents was performed using a simplex algorithm based on a leastand 280 { 28 ms (n Å 16) versus 287 { 22 ms (n Å 20)
squares exponential fitting routine. Double exponential equations for the NR1a/NR2B combination. between NR1a/NR2A and NR1a/NR2B channels. Whereas with the NR1a/NR2A subunit combination the relative frac-R E S U L T S tional contribution to peak amplitude of the fast component (%F) was very large, with the NR1a/NR2B channels it was L-Glutamate applications to HEK-293 cells transfected faster and variable from cell to cell (Table 1) . Furthermore, with NMDA receptor subunit cDNAs the average values of the fast and slow time constant (t f and t s ) describing the deactivation of I Glu were significantly We studied L-glutamate -activated currents (I Glu ) elicited by rapid agonist applications with a piezoelectric translator slower for the NR1a/NR2B combination than for the NR1a/ NR2A combination (Table 1) . For both t w and fast and on small (capacitance õ7 pF), lifted HEK-293 cells expressing recombinant NMDA receptor heteromers. Transfected slow decay time constants, we observed significant scatter among the cells investigated. A possible reason for this scatcells were voltage clamped at a holding potential of 050 mV and a solution containing 10 mM glycine, in which nominally ter is seen in Fig. 3 , which shows the currents recorded in four distinct patches from transfected cells that illustrate a Mg 2/ -free was used. We also investigated, for comparison, I Glu recorded in outside-out excised membrane patches from quite different single channel current opening mode in each patch. In particular, in a few patches (n Å 3 for NR1a/ transfected cells. The reason for this comparison was that often only a few channels were activated in excised patches, NR2A and n Å 5 for NR1a/NR2B) such as patch 1 in Fig.  3A and patch 2 in Fig. 3B , NMDA channel openings were making assessment of deactivation quite hard. Brief pulses (1 ms) of L-glutamate (1 mM) in the extracellular solution characterized by an extremely long-lasting burst of openings often lasting hundreds of milliseconds resulting in longer elicited I Glu with relatively fast rise times and exponential decay both in small cells and in patches (Figs. 1-6 ). Aver-deactivation times. In most other patches, channel kinetics were more similar to those reported in studies of single ages of 5-10 consecutive responses produced by L-glutamate applications on small HEK-293 cells transfected with channel currents recorded during stationary, long-lasting applications with clearly distinct shorter bursts of openings NR1a/NR2A, NR1a/2B, NR1a/2C, and NR1a/2D cDNAs are shown in Fig. 1A . Because currents decayed with double separated by closures. The reason for this difference is unclear, but it is not likely related to the reported acceleration exponential kinetic, we chose to use the weighted mean decay time constants (t w ) deriving from a double exponen-of the deactivation in outside-out patches with time (Lester et al. 1993) . In fact, we also observed time-dependent detial fitting (see METHODS ) measured in all cells and patches investigated (Fig. 1B) . With NR1a/NR2A channels, we ob-creases of deactivation in both patches and small cells, but this was never ú20%. Furthermore, our deactivation deterserved significantly faster deactivation than with all other cDNA combinations studied. We therefore wanted to verify minations were always performed during the first few minutes of recordings. Whenever possible, channel current amthat substitution of the NR1a subunit with four distinct plitude was measured in patches with the distinct opening determining the distinct deactivation between NR1a/ NR2A and NR1a /NR2B heteromers, we studied the time course modes. These values were 2.1 { 0.4 pA (n Å 4) versus 2.08 { 0.2 pA (n Å 12) for the NR1a/NR2A channel and of recovery of the current induced by 7-ms saturating pulses 2.09 { 0.3 pA (n Å 5) versus 2.07 { 0.2 pA (n Å 13) for the of L-glutamate (Fig. 4 ) . Superimposed averaged currents NR1a/NR2B channel. Last, channel currents in successive from outside-out patches in response to multiple-pulse appatches pulled from a cell were characterized by similar plications are shown in Fig. 4, A and B. In Fig. 4C, a agonist for the NMDA receptor, L-cysteate, which in native cell ( range 1 -5 ) being 2.8 { 1.4 (mean { SD ) for NR1a / NR2A channels and 1.9 { 0.9 for NR1a/ NR2B channels receptors exhibits a fast and complete recovery from desensitization ( Lester and Jahr 1992 ). With both NR1a /NR2A ( mean { SD) . To investigate whether the distinct recovery from desensitization observed comparing NR1a /NR2A and and NR1a /NR2B heteromers, currents induced by 7-ms saturating paired pulses of L-cysteate ( 20 mM ) were of equal NR1a/ NR2B heteromers could completely underlie the distinct deactivation time course observed, we investigated the amplitude when applied as close as 25 ms ( data not shown ). We then compared between nine NR1a/ NR2A cells and deactivation produced by single brief pulses of L-cysteate. As shown in Fig. 5 ( bottom panels) deactivation of currents nine NR1a/ NR2B cells the extent of glycine-independent desensitization observed from applications of L-glutamate elicited by pulses of L-cysteate was faster than that of currents elicited by L-glutamate pulses of the same duration for 5 s after replacement of 2 mM CaCl 2 with 0.2 mM CaCl 2 to prevent Ca-induced inactivation. As illustrated in Fig. 5 ( Fig. 5, middle panels ) . On average the weighted decay time of deactivation was 10.1 { 3.1 ms and 24.6 { 6.5 ms ( top panel ), the current induced by L-glutamate showed a time-dependent decline in the continuous presence of the for NR1a /NR2A and NR1a /NR2B heteromers, respectively ( n Å 5). agonist. As previously reported in native receptors ( Lester et al. 1993 ) , the extent of desensitization increased with Taken together, these results suggest that, although slow recovery from desensitization may partially be responsible the time of recording, especially in excised membrane patches. We therefore compared desensitization observed for the slow deactivating currents observed with the NR1a/ NR2B heteromers, differences in deactivation time constants during the first few minutes of recording. The ratio between the peak current at the beginning of the L-glutamate applica-using a poorly desensitizing agonist, L-cysteate, indicates that other factors must also be involved in deactivation. tion and the current after 5 s was very variable from cell to Values are means { SD with number of cells in parentheses. A summary of deactivation time course of currents activated by L-glutamate (1 mM, 1 ms) in outside-patches and small lifted HEK-293 cells transfected with combinations of NR1a, NR2A, and NR2B N-methyl-D-aspartate (NMDA) receptor subunit cDNAs. The average of 5-10 consecutive L-glutamate applications was fitted with double exponential curves with decay time constants t f and t s . %F indicates the relative proportion of the fast component to the peak current amplitude and Inhibition is the percent inhibition of peak amplitude induced by 50 mM haloperidol. The number of cells and patches where both haloperidol reduction and kinetics were measured is less than the total number of cells because often the cell was blown off by the flow during or after the haloperidol application of full recovery was not obtained. * Average values that were statistically significant with respect to those of the 1:0:1 combination (P õ 0.05 analysis of variance followed by Newman-Keuls test). patches from cells expressing NR1/NR2B channels (Table L-Glutamate application to HEK-293 cells transfected with 1). In addition to the lack of blockade by haloperidol on NR1a/NR2A/NR2B cDNAs receptors produced with NR1/NR2A channels (Table 1) , we failed to observe inhibition by haloperidol of I Glu proTo allow comparison of deactivation time course between native and recombinant receptors, one has to consider reports duced by NR1/NR2C and NR1/NR2D channels (2 { 1%, n Å 12, and 1.6 { 1%, n Å 11, respectively). Haloperidol that were indicating that a proportion of native receptors comprise heteromers of NR1/NR2A/NR2B subunits (Cha-inhibition of fast I Glu was similar in outside-out membrane patches and in small lifted cells. As reported previously zot et Luo et al. 1997; Sheng et al. 1994) . We therefore investigated functional and pharmacological prop- (Ilyin et al. 1996) , haloperidol at higher concentrations not only decreases the channel open probabilities, but also proerties of NMDA responses in HEK-293 cells cotransfected duces a decrease in the channel dwell times in patches from with NR1/NR2A/NR2B subunit cDNAs. To dissect out the NR1a/NR2B transfected cells. We also observed similar relative contribution of distinct NMDA receptor heteromers, changes in the channel dwell times for the NR1a/NR2B we took advantage of the observed fast deactivation time channels and observed a comparable effect with the NR1a/ course of NR1/NR2A channels and the reported selective NR2A channels (not shown). blockade of NR1/NR2B channels with haloperidol (Ilyin et We then investigated functional and pharmacological al. 1996). We initially verified that haloperidol (50 mM) significantly inhibited the peak I Glu recorded from cells and properties of NMDA responses in HEK-293 cells after trans- FIG . 4. Recovery from desensitization of recombinant NMDA receptors. Averages of 5-10 current pairs generated by 7-ms L-glutamate applications at variable time intervals on outside-out patches excised from NR1a/NR2A (A), and NR1a/ NR2B (B) transfected cells, are shown superimposed. In C, the percent recovery from desensitization as a function of the interpulse interval is plotted for all cells (n Å 7) considered with the 2 transfection paradigms. These values were calculated from the difference between the peak responses and the onset of each current at the start of the 2nd response, similar to the procedure described by Jones and Westbrook (1995) . Double exponential curves were used for fitting the recovery time course.
fections with altered ratios of cDNA encoding for NMDA component and the average fast and slow time constants (t f and t s ) describing the deactivation of I Glu are reported in receptor subunits. We used three different ratios, for the NR1a/NR2A/NR2B plasmids, 1:1:1, 1:3:1, and 1:1:3. Rep- Table 1 . I Glu in cells transfected with uneven ratios of subunits had time constants with average values intermediate resentative average current recordings activated by a 1-ms pulse of 1 mM L-glutamate on four distinct small HEK-between those seen with binary subunit transfections and those seen with 1:1:1 subunit ratios (Table 1) . 293 cells transfected with 1:1:1 ratio of NR1a/NR2A/NR2B cDNAs are shown in Fig. 6 . The currents recorded from
To asses the success of multiple cDNA transfection, we also studied NR1/NR2A/NR2B transfected HEK-293 cells these transfected cells were characterized by variable deactivation time constants (range 25-300 ms) and were mostly with the use of specific antibodies for NR2A subunit raised in rabbits (primary antibody) and Texas Red anti-rabbit secinsensitive to haloperidol (50 mM) blockade. However, as can be observed for the cells shown in Fig. 6 and in the ondary antibody, as well as specific antibodies for NR2B subunit raised in mice (primary antibody) and FITC antisummary of the results obtained with both deactivation time course and haloperidol sensitivities (Fig. 7B) , a consistent mouse secondary antibody. Photomicrographs of cells transfected in these conditions showed that many cells expressing population of NR1/NR2A/NR2B transfected cells exhibited deactivation time course and haloperidol sensitivities charac-the NR2A subunit also expressed NR2B subunits (Fig. 7A) , indicating that the majority of cells are cotransfected by all teristic of individual NR1/NR2A or NR1/NR2B heteromers. For example cell 1 showed fast deactivation time plasmids in triple transfections. Even when altered ratios of cDNAs were used, we rarely observed cells that were not course and no haloperidol sensitivity similar to NR1/NR2A channels, whereas cells 2 and 3 were characterized by slower expressing both subunits, although at a very low level. Figure  7B shows individual t w obtained from cells transfected with t w values and haloperidol sensitivities similar to NR1/NR2B channels. Interestingly, some cells, like the example of cell each binary and the single ternary combination in function of the percent control response in the presence of 50 mM 4, showed slow deactivation time course similar to NR1/ NR2B channels but no haloperidol sensitivity like that of haloperidol. In a population of cells in the NR1a/NR2A/ NR2B groups, I Glu with slow t w (ú75 ms) were character-NR1/NR2A channels. As illustrated in Fig. 7 , the t w of I Glu were always faster in the presence of haloperidol as com-ized by lower haloperidol sensitivity (õ40%, Fig. 7B) . pared with controls. The coefficient of variation associated with the decay time measured in these cells was 0.75, sig-D I S C U S S I O N nificantly greater than that obtained for NR1/NR2A and NR1/NR2B channels. With NR1a/NR2A/NR2B triple We used brief pulses of L-glutamate to mimic synaptic combinations, the deactivation time constants were clearly transmission on receptors of defined composition with the best described by two exponential curves in most cells. The aim to correlate functional properties of recombinant NMDA receptors with their composition. The availability of specific relative fractional contribution to peak amplitude of the fast J465-7 / 9k25$$fe17 01-05-98 12:15:41 neupa LP-Neurophys mediated currents (Lester and Jahr 1992). In addition however, the high affinity for the agonist, L-glutamate, also plays a large role in producing long-lasting NMDA receptor-mediated responses at synapses in the CNS as well as in excised membrane patches (Lester and Jahr 1992). We therefore assessed the speed of entry into, as well as the recovery from desensitized states of recombinant NMDA receptors endowed with distinct deactivation time course, namely the NR1a/NR2A and the NR1a/NR2B heteromers. We also compared the current deactivations produced by pulses of a lower affinity agonist, L-cysteate, between these heteromers. The slow exponential component of deactivation was remarkably larger with NR1a/NR2B transfection. This result supports the hypothesis that slow recovery from desensitization is partially responsible for the slow deactivating currents observed with the NR1a/NR2B heteromers. At the same time, however, factors other than recovery from desensitization may be involved since significant differences in both deactivation time constants were observed between NR1a/ NR2A and NR1a/NR2B channels with both L-glutamate and L-cysteate as agonists. Among these factors, discrete opening and burst kinetics are unlikely candidates since major differences were not observed between these recombinant receptor pairs (Stern et al. 1992) . A more likely factor may Top: average current of 5 consecutive L-glutamate applications for 5 s are for L-glutamate that were modestly, but significantly, lower compared between small cells expressing NR1a/NR2A channels ( A), and for the NR1a/NR2A heteromers (Laurie and Seeburg 1994a; NR1a/NR2B channels (B). Average current produced by L-glutamate (mid- Priestley et al. 1995) . proportions of the fast and slow components (Carmignoto and Vicini 1992; Flint et al. 1997; Kirson and Yaari 1996 ; antibodies for NMDA receptor subunits NR2A and NR2B Lester and Jahr 1992; Plant et al. 1997; Spruston et al. 1995) . (Wang et al. 1995) made possible the histochemical and Similarly, rapid applications of L-glutamate on patches exelectrophysiological verification of the success of the tran-cised from neurons in culture or from brain slices exhibited sient transfection of NMDA receptor subunits in the HEK-double exponential deactivation kinetics (Carmignoto and 293 cells. This approach allowed us to verify that following Vicini 1992; Lester and Jahr 1992; Spruston et al. 1995) . cDNA transfection, cells were expressing NMDA receptor Our results with recombinant receptors demonstrate that subunit proteins and at the same time provided further con-double exponential deactivation time course in the range of firmation (Wang et al. 1995 ) that the antibodies we used those reported for native receptors could be observed even were specific for distinct subunits. In previous electrophysio-with the binary NR1a/NR2B transfection. Interestingly, with logical studies of recombinant NMDA receptors expressed channels formed from NR1 and NR2A subunits, we obin HEK-293 (Kohr and Seeburg 1996; Kohr et al. 1994 ; served extremely fast deactivating responses, that do not Monyer et al. 1994) , the subunit dependence of offset kinet-appear to directly correlate with those reported for native ics after long L-glutamate steps was similar to our results receptor assemblies. Recent analyses of synaptic currents with respect to deactivation times after brief L-glutamate recorded from cerebellar neurons of transgenic mice lacking pulses. That is, both were fastest with NR1/NR2A channels the NR2A gene resulted in NMDA-EPSCs with slower deacand slowest with NR1/NR2D channels. However, some retivation times than those obtained from wild type mice (Taported values were slower than those we observed. Several kahashi et al. 1996) . At the same time, Ebralidze et al. reasons may account for this discrepancy. Among them, re-(1996) have shown that NMDA-EPSCs in cerebellar neucordings obtained from transfected whole cells may be rons were faster in transgenic mice lacking the NR2C subunit slower because of the reduced agonist application rate. Addithan in wild type mice. A possible explanation for the differtionally, the deactivation offsets measured after long pulses ence in deactivation time constants between recombinant may very well be slower than that observed after a brief NR1/NR2A channels and native receptors is that, in vivo, L-glutamate pulse, by analogy with what has been shown ''pure'' NR1/NR2A channels are likely to be less prominent for g-aminobutyric acid-A receptors (Jones and Westbrook than the other heteromeric combinations that produce longer 1995). deactivation time constants. Recently, two reports have at-NMDA receptor desensitization has been hypothesized to be partially involved in the deactivation of NMDA receptor-tempted to correlate the presence of mRNA for NMDA re- ceptor subunit with the decay kinetics of NMDA-EPSCs in 1995). The various spliced mRNAs differ with respect to the presence or absence of one of three exons, exons 5, 21, neurons in brain slices (Flint et al. 1997; Plant et al. 1997 ). The results of these studies demonstrate that the abundant and 22 in the rodent (Hollmann et al. 1993) , which results in the formation of NR1 subunits containing one or more of presence of the NR2A subunit shortens NMDA-EPSC duration in developing hippocampal neurons (Flint et al. 1997) , the exon-encoded cassettes. Although considerable effort has been expended to determine the differential localization of but it is not per se sufficient to produce fast deactivation time course in medial septal neurons (Plant et al. 1997) . the NR1 mRNA splice variants in the rat brain (Laurie and Seeburg 1994; Laurie et al. 1995) , the precise functions of Interestingly, in septal neurons, whereas the variable sensitivity to blockade by ifenprodil, indicates the presence of each cassette with respect to the unique properties they may confer (either alone or in combination) to receptors conheteromers of distinct NMDA receptor subunit, the decay kinetics of NMDA-EPSCs seems dominated by the NR2B taining each of the eight specific NR1 subunits is currently not completely understood, although a variety of NMDA subunit. In addition, Luo et al. (1997) have recently reported that, in the adult rat cerebral cortex, the amount of assembled receptor properties have been shown to vary with the different splice variants (Zukin and Bennett 1995 for review). NR1/NR2A binary complex is quite small relative to NR1/ NR2B and NR1/NR2A/NR2B complex.
We therefore wanted to verify whether different forms of alternatively spliced NR1 subunits combined with the NR2A A total of eight isoforms of the NRl cDNA is generated by alternative splicing of the primary RNA transcript (Anan-subunit were capable of altering the fast deactivation time course observed with NR1a/NR2A. We selected the NR1b tharam et al. 1992; Sugihara et al. 1992; Zukin and Bennett FIG . 7 . Summary of the results obtained with recombinant NR1/NR2A/NR2B receptors. A: NMDA receptor subunits, NR1a/NR2A/2B plasmid cDNAs were transiently cotransfected in mammalian HEK-293 cells at different ratios. The transfection was evaluated with the use of specific antibodies for NR2A subunit raised in rabbits (primary antibody) and Texas Red anti-rabbit secondary antibody, as well as specific antibodies for NR2B subunit raised in mice (primary antibody) and fluorescein isothiocyanate anti-mouse secondary antibody. Microphotographs width 500 mm. B: plots of the weighted decay times of average I Glu recorded from HEK-293 cells in cells transfected with combinations of NR1a together with NR2A and NR2B cDNAs in different proportions in function of the percent control response with 50 mM haloperidol. Filled circles identify cells where we observed a ú40% reduction of the peak current.
subunit because it contains all of the alternatively spliced cium-dependent inactivation has also been shown to play a role in regulating NR1/NR2A and NR1/NR2B recombinant exons, whereas the NR1e is missing all of them. With both spliced forms we failed to observe significant differences in receptors in HEK-293 cells (Krupp et al. 1996; Medina et al. 1995) . Further studies should address the origin of this the fast deactivation time course conferred by the presence of the NR2A subunit. Similar results were observed with variability, which are likely to be as important as subunit composition in determining the kinetic properties of NMDA the NR1c (lacks exons 5 and 22 but contains 21) and the NR1g (lacks exons 21 and 22 and contains exon 5) forms. EPSCs.
The finding that the current deactivation time course from We observed a large variability in the deactivation of L-glutamate currents produced by NR1/NR2A as well as recombinant NMDA receptors is subunit dependent may be pivotal to investigations of native NMDA receptors in the NR1/NR2B channels, with similar coefficients of variation for both subunit combinations. We currently do not know CNS. At present, however, the critical question of the actual composition of native NMDA receptors remains unanthe reasons underlying these differences, although a sudden transition from low to high open probabilities has been pre-swered, although immunoprecipitation studies show that heteromers can be formed with various subunit mixtures (Chaviously reported for recombinant and native NMDA receptor channels (Stern et al. 1992) . Possibly posttranslational mod-zot et al. 1994; Luo et al. 1997; Sheng et al. 1994) . Therefore the findings of specific kinetic properties associated with ifications such as phosphorylation may be responsible for changes in the NMDA receptor channel gating properties specific subunit composition must be considered with respect to properties deriving from mixed NR2 subunit heteromers. (Ehlers et al. 1996; Lau and Huganir 1995; Moon et al. 1994 ), although we cannot rule out the possibility that the To address this problem, we focused on NMDA receptors formed from the cotransfection of the NR1 with the NR2A copy number of distinct subunits in the quaternary receptor assembly may also be responsible for these variations. Cal-and the NR2B subunit cDNAs, because receptors comprising
